The proliferation and high plasticity of vascular smooth muscle cells (vSMCs) are the major reasons for restenosis of vein grafts. N-[N-(3, 5-difluorophenacetyl)-l-alanyl]-S-phenylglycine t-butyl ester (DAPT), specific inhibitor of g-secretase, has been shown to regulate vSMC proliferation and differentiation through the Notch signaling pathway, but the pathophysiological importance of these findings in venous grafts has not yet been determined. A rat vein graft model was employed wherein the left jugular vein was surgically interposed into the left common carotid artery. Daily subcutaneous injections of DAPT or placebo (DMSO) were administered postoperatively (control animals received no treatment). We showed that DAPT can inhibit restenosis of vein grafts by inhibiting vSMC proliferation and increasing apoptosis in vivo. Notch1 signaling was highly active during the development of intima thickening. By blocking the Notch signaling pathway, the g-secretase inhibitor DAPT can significantly attenuated intima thickening. These changes in vein grafts coincided with enhanced binding of myocardin to the smooth muscle-specific protein SM22 and smooth muscle myosin heavy chain at the promoters of vSMC differentiation-specific genes. These studies showed that DAPT can restore the vSMC phenotype and inhibit vSMC proliferation through suppression of the Notch1 signaling pathway, and thus opens a new avenue for the treatment of restenosis in vein grafts.
Veins are the most common conduits used for surgical revascularization in vascular stenosis diseases such as peripheral arterial and coronary arteriosclerosis. 1, 2 However, several lines of evidence have suggested that about 40% of these autologous grafts are ultimately unsuccessful, as pathologic vascular restenosis and wall thickening re-occurs, a process called intimal hyperplasia (IH). [3] [4] [5] The pathogenesis of the intimal hyperplastic lesion is still poorly understood and no successful clinical intervention has been identified. It is believed that restenosis is a result of vascular smooth muscle cell (vSMC) proliferation and differentiation. 6 Furthermore, these vSMCs are highly plastic and capable of modulating the transition from the contractile phenotype to pro-proliferative and antiapoptotic phenotypes in response to extracellular cues. 7 However, little is known about the genetic pathways that regulate proliferation and plasticity of vSMCs in grafted veins.
The Notch signaling pathway is an evolutionarily conserved system that can regulate cell differentiation, proliferation, and survival depending on the organ and tissue. 8, 9 Receptor proteins of the Notch family are expressed on the cell surface and activated by five Notch ligands, including Jagged-1 and -2 and Delta-1, -2, and -3. 10 Of the Notch receptors, only Notch1 and 3 are expressed in vasculature and are critical in regulation of vascular morphogenesis and function during development and disease. 11 Furthermore, Notch1 has recently been demonstrated to have the capability to mediate vSMC proliferation and neointimal formation following vascular injury. Ligand binding to a receptor triggers a conformational change, resulting in a proteolytic cleavage and the release of the intracellular domain of Notch (NICD), which translocates into the nucleus and interacts with DNA-binding proteins. This transcriptional activator complex induces transcription of target genes, most notably the Hey and Herp genes, which regulate cell fate. 12 N-[N-(3, 5-difluorophenacetyl)-l-alanyl]-S-phenylglycine t-butyl ester (DAPT), a potent and specific inhibitor of g-secretase, can block the proteolytic processing and reduce the release of NICD. 13 By blocking the Notch signaling pathway, DAPT can significantly inhibit vSMCs proliferation and differentiation. 14 Although it has been shown that DAPT can attenuate pulmonary arterial hypertension, the pathophysiological correlate of these findings in vein graft has not been demonstrated. 15 In the present study, we proposed that Notch signaling is crucial during the process of IH in vein grafts. By establishing a rat model of vein graft by interposing the left jugular vein into the left common carotid artery, we investigated the role of DAPT in the development of IH by regulating vSMCs proliferation and differentiation.
MATERIALS AND METHODS Animal Studies
Male wistar rats (250-350 g) were purchased from Wuhan Animal Center and fed with standard rat chow and tap water ad libitum. All animal protocols were approved by the Animal Care and Use Committee of Renmin Hospital of Wuhan University.
Under the microscope, these rats were interposed the left jugular vein into the left common carotid artery. Briefly, after anesthesia by intraperitoneal administration of 30 mg per kg body weight sodium pentobarbital, all rats were given a single intravenous dose of heparin (1.5 mg/kg). Next, the left carotid artery and jugular vein were dissected via a vertical mid-line, and a 1-cm segment of jugular vein was harvested and flushed with saline solution (4 1C) containing heparin (5 m/ml). Then the carotid artery was cut after occlusion on both sides by microvascular clips. Finally, the jugular vein graft was anastomosed into the carotid artery, interposed in a reverse end-to-end fashion, using 11-0 polypropylene sutures. Rats either received no further treatment (control), or a daily subcutaneous injection of DAPT (0, 5, and 10 mg/ kg) or placebo (DMSO, 10 mg/kg) from day 0 to day 28 postsurgery. Although gastrointestinal side effects have been reported for g-secretase inhibitor administration in mice, we did not observe any overt side effects of DAPT administration at this dose. 16 Histological and Immunofluorescence Analyses These rats were anaesthetized by the method as described earlier, and the venous grafts of rats were harvested at the given time point. Grafts were obtained by cutting the transplanted segments from the native vessels at the cuff end. For histological analysis, vein grafts were perfusion-fixed. Then, samples were fixed with 4% phosphate-buffered formaldehyde at 4 1C for 24 h and embedded in paraffin. For vascular morphometry, paraffin-embedded vein graft blocks were cut into 4 mm sections and stained with hematoxylin and eosin. Intima thickness area of vein grafts was measured with a microscope digital camera system (Zeiss). Intima area was calculated by the following formula: intima area ¼ areas bounded by internal elastic lamina-lumen. Media area was calculated by the following formula: media area ¼ areas bounded by external elastic lamina-areas bounded by internal elastic lamina. The intima/media ratio was calculated by the following formula: I/M ratio (%) ¼ intima area/media area Â 100.
For vein graft staining of proliferating cell nuclear antigen (PCNA), the 4 mm sections were permeabilized with 0.1% PBS for 30 min (4 1C), and then incubated with anti-PCNA antibody (Abcam, 1:600) for 1 h at room temperature, followed by incubation with an Alexa Flour labeled secondary antibody at a 1:300 dilution. Quantitative analysis of PCNApositive cells was performed by counting the positive nuclei in vSMCs from five randomly selected fields of the grafted venous intima under a microscope digital camera system at Â 200. The average of the five determinants was calculated and was recorded as the number of PCNA-positive cells per square micrometer. The results were expressed as the proliferation index and calculated by the following formula: the percentage of PCNA-positive nuclei ¼ (total PCNA-positive cells/total cell count) Â 100%.
For vein graft terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining, pretreated sections were incubated with the TUNEL reaction mixture (Roche, Germany) for 1 h at room temperature, next followed by incubation with DAB. Apoptotic cells that appeared as green were visualized with a microscope. Quantification of TUNEL-positive cells was performed in the same manner as PCNA-positive cells.
Cell Culture
Rat vSMCs were cultivated from venous grafts using collagenase and elastase as described previously. 17 In short, venous grafts were harvested using sterile technique and washed with RPMI 1640 medium. The intima and inner twothirds of the media were carefully dissected from the venous graft under the microscope, cut into pieces, and then were digested in DMEM containing collagenase subtype (1 mg/ml, Roche, USA) for 4 h at 37 1C. The resulting solution was centrifuged, and the pellet was resuspended in DMEM containing 20% FBS and then seeded onto 100-mm culture dishes. The dishes were incubated upside down at 37 1C in a humidified atmosphere of 95% air/5% CO 2 .
Rat vSMCs were dissociated with 1-mg/ml collagenase into single cells and cultured in DMEM containing 0.1% DMSO or 5 mM DAPT for 7 days at a density of 1 Â 10 5 cells/ml. Fifty percent of the medium was replaced every 2B3 days. 18 Quantitative Real-Time PCR, ChIP-PCR, and Western Blot Quantitative real-time PCR was used for quantitative analysis of Notch1 ICD mRNA level in vSMCs infected with Notch1 ICD adenovirus or lacZ adenovirus. In brief, total cellular RNA was extracted using RNeasy Mini Kit (Qiangen Sciences) and reversed-transcribed into cDNA and amplified using TaqMan Reverse Transcription reagents (Applied Biosystems). Quantitative analysis of gene expression was performed using the ABI Prism 7700 Sequence Detection System with 18s rRNA used as an endogenous reference.
The chromatin immunoprecipitation (ChIP) assay was performed according to the Abcam X-ChIP protocol. In brief, cross-linked chromatin from subcultured vSMCs was sonicated to generate 500-1000 bp DNA fragments, followed by overnight incubation at 4 1C with primary antibodies specific for myocardin (Abcam) or IgG (Santa Cruz, negative control). Immunoprecipitated DNA was purified and amplified by RT-PCR with primers flanking the CArG boxes of smooth muscle 22a (SM 22a) and smooth muscle myosin heavy chain (SMMHC). Primer sequences were as follows: SM22: Adenovirus Vector Production and Transduction cDNA containing the entire full-length Notch1 ICD or LacZ was used to construct and produce recombinant AdNEP plasmid (AdEasy Adenoviral Vector System, Stratagene). Adenovirus vectors were amplified and purified by cesium chloride density gradient ultracentrifugation. First, vSMCs were seeded at well for 12 h, and then washed three times with PBS before the addition of SMGM without fetal bovine serum. Cells were incubated at 37 1C, with 5% CO 2 for 6 h and then treated with adenoviruses. The AdLacZ vector was used as a negative control.
Statistical Analysis
Data are expressed as Mean ± s.e.m., and statistical analyses were performed with the Prism statistical program. Unpaired Student's-t test was used for comparisons between two means. One-way analysis of variance with the NewmanKeul's was used to evaluate differences between more than two means. In all case, P-value less than 0.05 was considered significant. All the histological measurements in regard to vascular morphometry were performed by two observers in a blinded manner, and the values they obtained were averaged.
RESULTS

c-Secretase Inhibitor DAPT Attenuates IH of Vein Grafts
First we investigated the effect of DAPT on IH in the rat model of vein grafts. At days 14 and 28 after the model was established, the interposing venous graft was harvested and subjected to hematoxylin and eosin staining. All veins manifested progressively worse IH over a 28-day period following grafting ( Figure 1a) . We found no significant difference in the IH of grafted veins among the different group on day 14 post-surgery. But at day 28 post-surgery, the administration of DAPT had obviously ameliorated the intimal thickness in a dose-dependent manner (Figure 1b) . Consistent with this observation, DAPT can also serve as a protective mechanism against increased intima/media (I/M) ratio (Figure 1c ) and decreased intima area (Figure 1d ). In addition, our studies showed that the morphology was not altered in both normal vein and artery by the administration of DAPT. Combined, these findings indicate that g-secretase inhibitor DAPT treatment served a protective role against IH from the initial stage of the vein graft model.
Next, we tested the therapeutic potential of DAPT in reversal of IH. A daily subcutaneous injection of 10 mg per kg body weight DAPT or DMSO (placebo) was given to rats from day 14 post-surgery when IH had already been well established in the vein graft model. We found that the daily administration of DAPT did not completely reverse, but did exhibit a strong therapeutic effect in the rat model of vein graft as compared with the DMSO administration. Treatment halted progression of IH as judged by measurement of intimal thickness (Figure 1e ), intimal/media ratio ( Figure 1f ) and intima area (Figure 1g ). Taken together, our studies confirm that g-secretase inhibitor DAPT administration can protect against formation and development of IH in the vein graft model.
DAPT Regulates vSMCs Proliferation and Apoptosis
As enhanced proliferation of vSMCs is the most important underlying mechanisms in restenosis of vein grafts, we investigated whether DAPT treatment can inhibit IH by regulating vSMCs fate through the Notch signaling pathway in vein grafts in vivo and in vitro. Using intracellular staining with PCNA and TUNEL, we evaluated the effect of DAPT on vSMCs proliferation and apoptosis of vein grafts in vivo. As shown in Figure 2a , expression of PCNA was significantly decreased in DAPT-treated vein grafts as compared with control and DMSO-treated vein grafts. In contrast, expression of TUNEL was excessively increased in DAPT-treated vein grafts as compared with control and DMSO-treated vein grafts (Figure 2b ). These data directly reflect proliferative and apoptotic rates for vSMCs of grafted vein in vivo. To further confirm that DAPT can inhibit vSMCs proliferation in vein grafts in vivo, the cell cycle and proliferative capacity were measured. We compared protein and mRNA levels of both Bcl-2 and cyclin D1 in the vSMCs among control, DAPT-and DMSO-treatment vein graft. Our results show that DAPT clearly reduces mRNA expression of both Bcl-2 and cyclin D1 as compared with the control and DMSO-treated vein grafts (Figure 2c) . The RT-PCR data were consistent with western blotting results, revealing that both the control and DMSOtreated vein graft exhibited strong Bcl-2 and cyclin D1 protein expression (Figure 2d ). The increased protein expression indirectly reflected the proliferative capacity of vSMCs in vein grafts. Direct evidence for the inhibitory activity of DAPT on vSMCs proliferative capacity was obtained by cell culture experiments. As shown in Figure 2e , DAPT treatment can halt subcultured vSMCs to roughly half the proliferation Figure 1 Rat vein graft models were established and N-[N-(3, 5-difluorophenacetyl)-l-alanyl]-S-phenylglycine t-butyl ester (DAPT) was then administered as a daily subcutaneous dose of 0, 5, and 10 mg/kg from day 0 to day 28 post-surgery. In (a) representative hematoxylin and eosin (H&E)-stained sections of a vein graft from rat on day 28 (scale bars; 30 mm). Intima thickness (b), intima/media (I/M) ratio (c), and intima area (d) of vein grafts in rats were measured at various time points. In separate studies, DAPT was given to animals in the same way on day 14 post-surgery and the level of intima thickness (e), I/M ratio (f), and intima area (g) of vein grafts were measured at indicated time points. Data are means ± s.e.m.; n ¼ 8 rats or independent experiments per time point for each group, 10 sections per rat. In b, *Po0.05 5 vs 0 mg/kg, **Po0.01 10 vs 0 mg/kg. In e, *Po0.05 DMSO treatment vs DAPT treatment.
rate as compared with those without treatment. Combined, these results indicate that the therapeutic effect of DAPT on IH involves both anti-proliferative and pro-apoptotic effects on vSMCs of vein grafts.
Proliferation of vSMCs is Dependent on Notch1
Signaling Next, we examined expression of the Notch family of proteins in vein grafts. Western blot data showed that it was Notch1 protein, not Notch3, which increased gradient expression in vSMCs of vein grafts (Figure 3a and b) . As the g-secretase inhibitor DAPT had been shown to block Notch signaling by inhibiting the cleavage of Notch protein to intracellular domain (ICD) peptides both in vitro and in vivo, we tested whether the effect of DAPT on IH of vein graft was dependent on Notch1 signaling. Western blots revealed that DAPT inhibited the expression of Notch1 ICD (NICD) protein in a dose-dependent manner (Figure 3c and d) . Then, we investigated whether there was a direct involvement of Notch1 ICD in the development of proliferative vSMCs. Subcultured wild-type (WT) vSMCs infected with the Notch1 ICD adenovirus (amino-acid sequence for NICD) showed increased Notch1 ICD mRNA expression as compared with lacZ-transduced WT vSMCs (Figure 3e and f) . The RT-PCR data were reflected by western blotting, revealing that WT vSMCs infected with the Notch1 ICD adenovirus exhibited strong Notch1 ICD protein expression (Figure 3g) . Analysis of the effects of constitutive, high-level Notch1 ICD expression in vSMCs revealed a significantly increased growth rate (Figure 3h ). These results suggest that upregulated notch1 signaling has a major role in the proliferation of vSMCs from vein graft. 
DAPT Restored Phenotypic Pattern of vSMCs in Vein Graft
To gain a better understanding of the molecular pathways involved in DAPT inhibition of IH-vSMCs proliferation, we compared phenotypic patterns of vSMCs among normal vein and vein grafts without and with DAPT treatment. In vSMCs of vein grafts, expression levels of proteins associated with differentiated/contractile phenotype including smooth muscle 22a (SM 22a) and smooth muscle myosin heavy chain (SMMHC) were decreased in comparison to the vSMCs of normal vein and DAPT-treated vein graft (Figure 4a and b) . In contrast, the vSMCs dedifferentiated/pro-proliferative/ synthetic-specific marker proteins including syndecan-1 and vimentin were more abundant in vSMCs of vein graft relative to normal vein and DAPT-treated vein graft (Figure 4a  and b) . These changes in phenotype-specific marker proteins presented in vein graft were almost completely reversed by DAPT treatment. Taken together, these approaches provide evidence that acquisition of the proliferative characteristic by vSMCs of vein graft during development of IH can be reversed by DAPT administration.
The mechanism by which DAPT can restore vSMCs differentiation was then examined. We evaluated myocardin protein expression by western blotting and demonstrated that DAPT can upregulate myocardin in vSMCs of vein grafts (Figure 4c and d) . Given the effect of DAPT on myocardin, we then tested whether physical binding of myocardin to the CArG-containing regions of vSMCs-specific promoters was indeed affected by DAPT. Using quantitative ChIP assays, we found a lower level of myocardin binding to the CArGcontaining regions of the smooth muscle-specific protein SM22 and smooth muscle myosin heavy chain (SMMHC) promoters in vSMCs of vein graft as compared with normal vein and DAPT-treated vein graft. The observed effects of DAPT on vSMCs-specific transcription may explain DAPT-dependent reverse modulation of vein graft vSMCs phenotype from the dedifferentiated to the differentiated state. Veins are considered the best choice for vascular graft conduits, particularly in the setting of arterial reconstructive surgery for patients with coronary artery disease and peripheral arterial ischemia. 19 The vessel wall thickening of the vein graft is the adaptive response to the arterial environment during the post-surgical process with deposition of excessively proliferative vSMCs and extracellular matrix in all layers of the vein graft, especially in the intima. 20 However, arteries and veins are anatomically, functionally, and molecularly distinct, and the vein is specifically characterized by the suppression of Notch signaling. 21 This theory is supported by our results that show that vascular remodeling after vein grafting correlates with the activity of the Notch pathway. It is worth while to point out that DAPT has been shown to inhibit the proliferation of vSMCs by reducing both Bcl-2 and cyclin D1 expression depending on notch1 signaling. This finding may be significant as a previous study had demonstrated that cyclic strain inhibits vSMCs growth, while enhancing vSMCs apoptosis through regulation of Notch receptor and downstream target gene expression. 22, 23 Our study demonstrated that the administration of DAPT may also induce apoptosis in the vSMCs, thereby worsening IH. This result is accordant with previous reports that silencing Notch1 can induce cell apoptosis through Bcl-2. 24, 25 Collectively, the intimal thickening protective effects provided by DAPT are likely through multiple pathways, which regulate vSMCs proliferation and apoptosis. Some of these pathways do not overlap, and this feature is important because it may reduce the likelihood of emergence of therapy-resistance. In support of this notion, studies from other groups have shown that therapeutic interventions targeting either vSMCs apoptosis 26, 27 or proliferation 28, 29 could regress experimental intima thickening.
Our results also reveal that DAPT can restore vSMC transition from a dedifferentiated phenotype to a differentiated/contractile phenotype by enhancing binding of myocardin to a marker protein, such as SM22 and SMMHC. Unlike skeletal and cardiac muscle cell lineages, where cellular differentiation is functionally coupled to irreversible exit from the cell cycle, vSMCs retain their capacity to proliferate and modulate their phenotype in response to extracellular cues. 30 Previous reports have demonstrated that Notch signaling in vSMCs is important during vascular repair of injury and vascular pathology. 31 vSMCs express multiple Notch receptors throughout their life cycle, and respond to Notch ligands as a regulatory mechanism of differentiation and maturation. 8, 32 DAPT, as g-secretase inhibitor, has been shown to block the cleavage of Notch protein to ICD, inhibit the capable of reversible change in vSMCs phenotype from a dedifferentiated/proliferative state to differentiated/contractile state as seen in normal vSMCs.
Our study demonstrates that TUNEL activity is increased in DAPT-treated vein grafts. This shows that DAPT can induce apoptosis of vSMCs in IH. This is not an isolated finding; previous studies have clearly demonstrated that Notch signal suppresses apoptosis in pancreatic islet and tumor cells. 33, 34 The g-secretase inhibitor DAPT can inhibit Notch signaling by reducing the expression of NICD protein.
These findings are in accordance with enhancement of the apoptosis activity in DAPT-treated vein grafts.
DAPT, as a potent and specific inhibitor of g-secretase inhibitor, has safety drawbacks. The g-secretase inhibitor can result in an early embryonal lethality with the phenotype presenting skeletal and central nervous system defects similar to those of a Notch knockout. It is known that Notch signaling has an important role in the ongoing differentiation processes of the immune system and of the gastrointestinal tract. 35, 36 But we did not observe any overt side effects with DAPT administration at our study.
In summary, our work provides a specific therapeutic strategy for attenuation and reversal of multiple pathological processes that are associated with intima thickening of vein grafts, through administration of g-secretase inhibitor DAPT to inhibit Notch signaling.
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